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Until recently inactivation of hyaluronidase at 60°C. temperatures has been 
generally accepted (1-5). In 1951 data reported by Lillie a  o2. under the con- 
ditions  of  the  experiments  seemed  to  support  this  opinion  (6).  However, 
Meyer and Rapport in 1952 called attention to the fact that bovine hyaluroni- 
dases,  assaying over  1000  turbidity  reducing  units  @.a.v.)  per rag.,  are not 
completely destroyed  by boiling  for  5  to  10  minutes,  and  that  bovine  and 
streptococcal hyaluronidases differ as to their degree of stability when heated, 
with hyaluronidase of mammalian origin being more stable (7). 
In the present paper a comparison has been made of the hydrolysis of divers 
substrates  by  bovine  hyaluronidase  and  heat-denatured  hyaluronidase,  im- 
mediately after heating and at successive intervals of time during the aging of 
the  heat-denatured  enzyme solution.  The  results  obtained  depend  markedly 
on  the  substrate  used  and  show  a  spontaneous  reactivation of the  partially 
denatured enzyme with increase in time. 
Methods 
For  the  assay of the  activity of  the  heated  and  unheated  enzyme the  turbidi- 
metric reduction  technique  (8-10)  has  been used  as previously described  (6)  with 
slight variations. This method is based upon the observation that the homogeneous 
precipitate which  forms in  the presence of acidified  serum albumin during the hy- 
drolysis  of  mucopotysaccharides  can  be progressively inhibited  by increasing  con- 
centrations of hyaluronidase. 
One lot of bovine testicular hyaluronidase (lot W177 As) with a potency of 1400 
r.R.lI,  per  mg.  (Wyeth)  was used  for all  experiments. The  unheated  enzyme was 
prepared in sodium acetate buffer at pH 5.5 while the enzyme solution to be inac- 
tivated was boiled  for 1 hour in a  0.1  N acetic acid solution,  chilled  in ice, and the 
pH adjusted with 4 lq NaOH, drop by drop, to pH 5.5. All solutions of the enzyme 
were freshly prepared for each experiment except when  the  effect of aging on po- 
tency of the solution was being studied.  The enzyme solution was added  in serial 
dilution  to duplicate assay tubes kept at 37°C.  The volume was brought to  1 ml. 
with sodium acetate buffer at pH 5.5,  1 ml. of the substrate at a  concentration of 
1 mg. per ml. was added, and the tube incubated for 45 minutes. Ten ml. of serum 
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albumin solution was then  added to each  tube while the tube was  simultaneously 
and gently shaken to prevent the formation of protein threads. After adding albu- 
min  the  turbidity reading  (optical density) was obtained within  30  seconds using 
the Coleman junior spectrophotometer at a  wave length of 600 millimicrons. 
The albumin solution consisted of a  0.1  per cent solution of bovine serum albu- 
min (fraction V Armour) prepared in sodium acetate buffer at pH 3.76. The filtered 
solution was maintained in sterile state at 5°C. All solutions were warmed to room 
temperature before being used except when specifically stated. 
All solutions of  the  substrate,  whether  hyaluronic acid  or  chondroitin  sulfate, 
were prepared at a  concentration of 1 nag. per ml. and were dissolved in equal vol- 
umes of ~s/10 NaC1 and of NauHPO~  citric acid buffer at pH 5.5. 
The comparison of the difference in activity of heated and unheated enzyme was 
made with seven lots of substrates. Four lots of bovine hyaluronate from different 
sources  were  used.  The  two  designated as lots  A-2  and  A-3  were  sodium  hyalu- 
ronates, prepared and furnished us by the Schering Corporation, and lots A-1 and 
A-4  ~ were  potassium  hyaluronates,  prepared  by  the  Wyeth  Institute  of  Applied 
Biochemistry.  ~ One  lot of chondroitin sulfate prepared from pig cartilage was  re- 
ceived from  General  Biochemicals, Inc.  Two  lots  of  avian  hyaluronic  acid  from 
cock's comb were also used; one highly soluble preparation (lot C-1)  was furnished 
by Armour and  Company, and  one lot  (lot C-2),  a  sodium hyaluronate,  was pre- 
pared by us from the combs of 14-month-old cocks following the method of isolation 
described by Meyer  (22). The  chemical analysis  t  of this latter lot of cock's comb 
hyaluronate prepared in our laboratory is as follows:- 
trot 
Carbon  33.77 
Hydrogen  5.72 
Nitrogen (Kjeldahl)  3.07 
Sodium  5.06 
Ash  11.92 
Water  11.00 
Sulfur  O. O0 
This  analysis agrees closely with  that  of  Boas  (11)  for  sodium  hyaluronate from 
cock's comb. 
Under standard conditions of the turbidity test these preparations of hyaluronic 
acid from various sources differ considerably in the amount of enzyme required to 
give zero turbidity (Figs. 1, 4). Therefore it is necessary to describe each substrate 
in some terms by which a  comparison may be made between different preparations. 
1 These two preparations and lot C-1 were of high solubility and had the lowest 
extinction points and were therefore the most useful in measuring low concentration 
or small amounts of enzyme. 
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For this purpose we have chosen to designate as  the extinction point,  the point in 
the curve of hydrolysis at which a  given amount of enzyme of known potency was 
just  sufficient  to  prevent  significant  turbidity.  The  extinction  point  describes  in 
brief terms  the quantitative  difference between substrates,  and indicates  the upper 
limit  of the amount of enzyme which can be measured  quantitatively  by the  tur- 
bidity test. 
The initial  turbidity of the substrate  at zero concentration of the enzyme repre- 
sents the maximum or 100 per cent  turbidity (Table I). The per cent  reductions in 
turbidity  by  the  enzyme solutions  are  calculated  on  this  basis.  The  data  of  the 
curves of hydrolysis of each substrate by the unheated enzyme in serial dilution are 
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FIG.  1. Comparison of hydrolysis by heated and unheated enzyme of  chondroitin 
sulfate  and  various lots  of hyaluronic acid  (bovine and  avian)  differing in  purity 
and having high extinction points. Incubation for 45 minutes at 37°C. 
expressed in turbidity units in relation to the gamma of enzyme per milliliter  of final 
incubation mixture  and represent  the mean of several experiments.  The activity of 
the  heated  enzyme prepared  at  the  same  initial  concentration  was  similarly  ex- 
pressed. 
RESLrLT$ 
Hydrolysis o/Various Substrates by Unheated ttyaluronidase.--The  hydroly- 
ses of the substrates  at serial  dilutions of the unheated  enzyme are shown by 
the slope of the curves in Fig.  1 and  the  extinction  points  in  Table I. These 
substrates  differed markedly as to the amount of enzyme which was required 
to prevent  turbidity in the standard assay.  Chondroitin sulfate required  12.8 
gamma, while  bovine hyaluronic acid of lots A-l, A-2, A-3, and A-4 required 
2.5,  10.8,  20.8, and 5.0 gamma, respectively. The two lots of avian hyaluronic 364  REACTIVATION OF  HEAT-INACTIVATED  HYALURONIDASE 
acid C-1 and C-2 had extinction points of 4.0 and 25.0 gamma per ml. Besides 
these quantitative differences in the amount of enzyme required for hydrolysis 
other differences in initial turbidity and solubility are shown in Table I. Other 
slight but intrinsic differences of unknown nature related to the species from 
which  the  substrate  is  derived,  are  probably present:  Certain  variations  in 
purity of the substrate preparation are of paramount importance in turbidity 
studies.  Since no absolute standard exists for hyaluronic acid,  the hydrolysis 
curve for each  lot of hyaluronic acid  has  been  established  with  an  enzyme 
TABLE I 
Differences in Various Lots of Substrates Used 
Hyaluronic add  Origin 
lot No. 
A-I  Bovine 
A-4  " 
C-1  Avian 
C-2 
A-2  Bovine 
A-3  " 
Chondroitin  Porcine 
sulfate 
Me~11 
initial 
turbidity 
of 83 
~,/ml. 
0.56 
0.57 
0.34 
0.55 
0.45 
0.41 
0.54 
Relative Iolubility 
Readily soluble 
¢~  tt 
Fair,  20  min. 
shaking 
Poor,  I  hr.  shak- 
ing 
tt  t~ 
Fair,  30  rain. 
shaking 
Extinction 
point (amount 
of enzyme to 
produce zero 
turbidity) 
,/ml. 
2.5 
5.0 
4.0 
25.0 
10.8 
20.8 
12.8 
Reduction in turbid- 
ity at same concen- 
tration of enzyme 
per ml. 
With 
-....  I  heated 
Will1  enzyme im- 
.~.  I medmtely  unheated 
~  after 
boiling 
t~t cent  per cent 
100  6 
100  11 
100  8 
100  4 
IO0  0 
100  0 
IO0  4 
solution of known potency. The resulting data have formed the basis for com- 
parison with further hydrolysis studies with the heated enzyme. 
Hydrolysis  of  Substrates  with  Heated  Enzymes.--Hydrolyses  of  the  sub- 
strates  with  high  extinction  points  with  heated  and  unheated  enzyme  are 
shown in Fig.  1. The concentrations selected were the same as those used for 
the  hydrolysis of each  particular  substrate  with  the  unheated  enzyme,  and 
the  enzyme was  tested  immediately after heating.  As in  the experiments  on 
hydrolysis with  the unheated enzyme, the  time of incubation of the enzyme 
and  substrate  mixture  was 45  minutes.  Two lots  of bovine hyaluronic acid 
4 Meyer and  Rapport  (7)  report that  "even preparations  which are  satisfactory 
by  the  analytical  criteria.., show large  differences in  their  susceptibility  to  hy- 
drolysis  by the  enzyme,  some  substrates  requiring  10  times  as  much  enzyme  as 
others  to achieve the same hydrolysis as the routine substrates." E.  W.  EMMART  AND  J.  B.  LONGLE¥  365 
(lots A-2  and  A-3)  with  high  extinction  points showed  no  reduction  in  tur- 
bidity,  while  cock's comb hyahronic  acid  (lot  C-2)  and  chondroitin  sulfate 
showed 4 per cent turbidity reduction. Slightly higher percentage reduction in 
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FIG. 2. Hydrolysis of cock's comb hyaluronic acid (lot C-l). Turbidity measured 
in standard  assay with varying amounts of heated and unheated enzyme•  Curve A 
represents  unheated  enzyme.  Curve  B-1  represents  heated  enzyme  tested  imme- 
diately after heating.  Curve B-2  represents the same heated enzyme after holding 
at 0  ° for 24 hours. 
Curve C represents an experiment run simultaneously with curve B-2.  The con- 
centrated  heated  enzyme was incubated  for 4 hours  at 37  ° with  substrate,  stored 
at 0  °, then diluted for assay. 
turbidity  occurred  with  substrates  A-l,  A-4,  and  C-1  when  hydrolyzed  by 
heated enzyme (Table I). 
In studies described in an earlier publication  (6)  only substrates requiring 
a  high concentration of enzyme were available and therefore we were unable 
to demonstrate activity of the heated enzyme immediately after the 45  rain- 366  REACTIVATION O1  ~  HEAT-I"N'ACTIVATED HYALI.TRONIDASE 
ute  incubation  period.  When  substrates  of high  solubility and  high  purity 
are used, the amount of enzyme needed for hydrolysis is materially decreased 
(Fig.  4).  The  success,  therefore,  of demonstrating,  with  isolated  substrate, 
the presence of a  low per cent of active enzyme immediately after boiling is 
dependent upon the degree of purification of the substrate which permits one 
to measure small amounts of enzyme. 
Hydrolysis with Heated Enzyme in High Concentration.--In order to ascer- 
tain that the reaction of heated enzyme duplicated that of the unheated, an 
experiment was  carried out with a  high concentration of heated enzyme in 
serial dilution. The results of this experiment, shown in Fig. 2,  demonstrate 
FIG. 3. Hydrolysis of chondroitin sulfate (B) and hyaluronic acid, lot A-2  (A) by 
heated enzyme (20.8 "y/ml.) at increasing intervals of time. 
that  the  heated enzyme in  tenfold concentration is  capable  of hydrolyzing 
hyaluronic acid (lot C-1)  sufficiently to prevent turbidity (curve B-l)  and is 
qualitatively not  to be distinguished from the  unheated enzyme (curve A). 
The small residual turbidity in the experiments with heated enzyme is caused 
by denatured protein  in  the  enzyme solution used.  The  complete  turbidity 
reduction  obtained  with high  concentrations of heated enzyme represents a 
true measure of enzyme activity, not an artifact caused by the high concen- 
tration. 
Hydrolysis with Increase in Time.--If the reaction with a low concentration 
of heated enzyme is permitted to proceed for longer times than the 45  min- 
utes of the standard assay, there is a progressive decrease in the turbidity ob- 
tained. In Fig. 3 the results of such an experiment are shown. Both hyaluronic 
acid (lot A-2) and chondroitin sulfuric acid were used as substrates, and gave E,  W.  EMMART  AND  J.  B.  LONGLEY  367 
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similar results as expected, since the extinction point of the former is 10.8 and 
of the latter 12.8 gamma per ml. 
Reactivation  of  Heat-Inactivated  Enzyme  Solutions.--The  slightly  greater 
activity obtained with enzyme stored at 0 ° for 24 hours,  either with or with- 
out previous exposure to substrate (curves B-2 and  C, Fig. 2), suggested that 
heat-inactivated  enzyme might  be  reactivated  with  time.  The  following  ex- 
periments  demonstrate  increasing  activity  of  heat-inactivated  enzyme upon 
standing  1 to 11 days. In each case a  solution of acidified enzyme was heated 
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Fza.  5. Hydrolysis of chondroitin  sulfate (A) and hyaluronic acid  (B)  by reacti- 
vated heated  enzyme, showing  reactivation of enzyme with increase  in  age of en- 
zyme solution  and degeneration of enzyme solution  with  time. In order to express 
reactivation  on  a  comparable  basis  with  the  two  substrates  the  reactivation,  as 
measured with chondroitin sulfate, must be divided by 2 because its extinction point 
is half that of hyaluronic acid (lot C-2). 
for 1 hour, cooled, and adjusted to pH 5.5. The entire solution was warmed to 
room temperature when each aliquot was taken for assay, then the remainder 
stored at 0°C.  The concentration  of enzyme selected for heating varied  with 
the  substrate;  an amount was  taken  to  give the  extinction  point  with  1  ml. 
for each substrate. 
The  results  of  these  experiments  with  five different  substrates  are  shown 
in Figs. 4 and 5.  In Fig. 4  the turbidities obtained with serial dilutions of the 
enzyme  at  various  times  after  heating  are  compared  with  those  obtained 
when  the same amounts of unheated  enzyme were tested. Although  different 
substrates show different degrees of reactivation, in each case a  large per cent E. W,  EMMART  AND  J.  B. LONGLEY  369 
of the original activity is regained. In the case of lot A-4, about 81 per cent 
of the activity of the unheated enzyme was found after 48 hours. 
In the experiment shown in Fig.  5,  300 gamma of heated enzyme was in- 
cubated with  the substrates used at  the times indicated after heating.  This 
concentration gives (in final dilution in the test) the extinction point with the 
hyaluronic acid  5 used, but is twice that required for the chondroitin sulfuric 
acid. With these substrates with high extinction points and the high concen- 
tration of heated enzyme, 11 days were required for maximum reactivation, 
which ultimately reached 36 and 39 per cent of the activity of unheated en- 
0.6 
0.5 
~- 0.4 
~-0.3 
P- 
0.2 
O.I 
I  I  I  I  I  I  I  I 
/ 
I  I  I  I  I  I  I  I 
0  20  40  60  80  I00  120  140  160  180 
TIME-HOURS 
FIG, 6. Hydrolysis of bovine hyaluronic acid lot A-4 (extinction point 5.0 ~,/ml.) 
by heated enzyme showing reactivation of boiled enzyme at various  temperatures. 
These points represent the turbidity readings obtained with 1 ml. of aged enzyme in 
the usual 45 minute assay. 
zyme toward chondroitin sulfuric acid and cock's comb hyaluronic acid  (lot 
C-2) respectively. 
In the data of Figs. 4 and 5 it can be seen that following reactivation of the 
enzyme,  activity is  lost again.  The demonstration  of  this  inactivation  was 
more striking when the effect of temperature on the extent of reactivation was 
measured. In this experiment (Fig. 6) solutions containing 60 gamma per ml. 
of hyaluronidase  were  heat-inactivated  and  stored  at  37,  24,  and  0%  The 
turbidity readings were obtained with 1 ml. aliquots incubated for 45 minutes 
with  bovine hyaluronic acid  (lot A-4)  at  the  times indicated  after heating. 
These results  show a  pronounced acceleration of the rate  of loss of activity 
SLot C-2, extinction point, 25.0 gamma per ml. 370  REACTIVATION  OF  HEAT-INACTIVATED  HYALURONTJ)ASE 
with increasing temperature. The slow loss of activity at 0  ° permits the dem- 
onstration of a  much greater extent of reactivation. More data are required 
to determine whether the rate of reactivation is also a  function of tempera- 
ture. The research of Kunitz and Northrop  (12) has shown that inactivation 
of trypsin by heat is reversible for a  short time only and that on standing 
activity is irreversibly lost. 
DISCUSSION 
Recently it has been demonstrated by others (14,  17) and confirmed in the 
present work  that  the  susceptibility of different preparations  of hyaluronic 
acid  to hydrolysis by hyaluronidase varies many fold. The substrates  used 
differed both as to animal origin and methods of preparation and therefore 
undoubtedly differed in purity (21). 
In spite of these qualitative differences the effects obtained on heating and 
subsequent reactivation of the enzyme can be demonstrated with all prepara- 
tions of substrate. Reactivation of enzyme solutions following heat inactiva- 
tion is a well recognized phenomenon which has been extensively described for 
trypsin (13,  15), chymotrypsin (16),  pepsinogen (13,  17),  crystalline soybean 
trypsin inhibitor (12,  18,  19), and more recently for L-amino acid oxidase of 
snake venom (20). We find hyaluronidase also becomes reactivated after heat 
denaturation  and  that  the  extent  of  this  reactivation is  influenced by  the 
temperature of the enzyme solution. 
The reactivated enzyme has been shown to lose activity again on standing, 
in fact the stability is much less than before heating. This secondary loss of 
activity is associated with  denatured precipitated protein  of  the  heated en- 
zyme solution and  the  failure to  achieve  100  per cent  reactivation. Further 
studies are being conducted on this heat-labile fraction. 
SUMMARY 
1.  Following heat denaturation after an hour at boiling temperature bovine 
testicular hyaluronidase has been shown to undergo spontaneous reactivation. 
2.  This reactivation is a  function of the temperature at which the enzyme 
solution is maintained. 
3.  Secondary  inactivation  was  observed  to  follow a  reactivation  of  the 
enzyme at all concentrations observed. 
4.  There is a relationship between hydrolysis by the enzyme and the purity 
of the substrate. The demonstration of activity of the freshly boiled enzyme 
by the turbidimetric reduction technique is dependent upon the purity of the 
substrate. 
5.  These  reactions  have  been  demonstrated using preparations  of bovine 
and avian hyaluronic acid and porcine chondroitin sulfate. E.  W. EMMART AND J.  B.  LONGLEY  371 
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